occur over hours and promote the activation of specific cells in crowded environments such as lymph nodes, † Beckman Laser Institute University of California, Irvine where most antigen is detected (Poo et al., 1988; Kupfer et al., 1994) . In addition to reorganization triggered by Irvine, California 92717 cell-cell contact, T cells are motile and therefore possess some inherent polarity even before they engage the APC (Stossel, 1993; Agarwal and Linderman, 1995) .
] i or its role in coordinating cell-cell contact.
We resolved the relationships among T cell behavior, Introduction [Ca 2ϩ ] i , and antigen presentation using optical techniques to measure and manipulate activation of highly T cells carry out immune surveillance in vivo by periodiresponsive antigen-specific murine T cells. A two-camcally exiting the bloodstream and circulating through era video-imaging system simultaneously recorded both tissues. Contact of a single T cell with an appropriate cell morphology and [Ca 2ϩ ]i, while optical tweezers perantigen-presenting cell (APC) initiates a biochemical mitted localized mapping of T cell responsiveness to cascade through the T cell antigen receptor (TCR), which a complementary antigen-presenting B cell line or to leads to clonal expansion and, ultimately, an immune antibody-coated beads. By combining functional assays response. The physical nature of T cell activation by of cell shape and [Ca 2ϩ ]i, we show how the physical APCs differs from cell activation by soluble factors in aspects of T cell activation and [Ca 2ϩ ] i signaling patterns that both T cell shape and the orientation of the T cell-B are linked during the first moments of an immune recell pair may affect the cellular response. Furthermore, sponse. feedback between shape and receptor-mediated signals could influence the cellular response by modulating Results both immune surveillance and cell-cell interactions. These considerations raise two questions about the This paper relates intracellular signaling patterns to T genesis of the immune response: do second messencell behavior. To help convey the dynamic nature of gers generated by T cell activation influence the behavthese data, we have made digital videos from several ior of T cells in either the absence or presence of B experiments available on the internet. By accessing our cells; and, what are the contact requirements for T cell server at http://www.cell.com/Immunity (see Experiactivation by B cells?
mental Procedures), the reader can compare data T cell polarity following contact with an APC has been shown in a given figure with a time-lapse version of the well characterized on the basis on plasma membrane original experiment. protein clustering (Kupfer and Singer, 1989) , cytoskele- Figure 2 shows the effect of raising [Ca 2ϩ ] i on shape at various times during the experiment. TG increased [Ca 2ϩ ]i to a stable plateau of 600 nM within 60 s. Within 10 s of the [Ca 2ϩ ]i rise, motility decreased, and the cell was completely immobile within 30 s. Elevation of [Ca 2ϩ ] i also preceded cell rounding (Figures 2A and 2B) as reflected by a decrease in shape index (from ‫;1-5.2ف‬ see Experimental Procedures). Rounding began within 15 s and was complete within 150 s of the sustained [Ca 2ϩ ] i rise. Once cell shape stabilized, the cell surface was smooth, and showed little detectable motion. The original elongated shape was restored by lowering [Ca 2ϩ ]i using high extracellular ]i regulation of T cell shape and motility was unaffected by inhibition of the Ca 2ϩ -dependent phosphatase calcineurin, since addition of 200 nM cyclosporin A did few processes. However, when warmed to 37ЊC, these not inhibit the effects of TG (Table 1) . cells adhered to the glass, extended a fan-shaped flatWe determined the [Ca 2ϩ ]i dependence of both T cell tened leading edge in the direction of travel, and began shape and motility with a [Ca 2ϩ ] i clamp method in which to crawl. Figure 1 shows that this transition occurred TG-treated 1E5 cells are maintained at various [Ca 2ϩ ] i within 1 min of warming and was complete in 5-10 min.
with extracellular solutions containing different [K ϩ ] Polarized cell shapes and crawling were observed in (Negulescu et al., 1994) . Figure 2C shows how 43 cells ‫%09ف‬ of the cells at 37ЊC. Shape changing comprised responded to [Ca 2ϩ ]i in eight experiments. At resting a repetitive cycle of rounding and elongating with a [Ca 2ϩ ] i ‫08ف(‬ nM) the shape index was randomly distribperiod of 1-5 min. The shape cycle, consisting of the uted between 1.3-2.6, reflecting the variety of shapes extension of a thin organelle-free leading edge followed associated with crawling. The variation in shape deby the retraction of the thicker tail (uropod), was tracked creased steeply between 150-500 nM [Ca 2ϩ ]i as the averby measuring either cell perimeter ( Figure 1B ) or an age cell became round. Blebbing occurred above 700 index of shape (see Figure 2) . Cells crawled at varying nM [Ca 2ϩ ]i. The dependence of cell crawling on [Ca 2ϩ ]i rates but averaged 4.5 m/min ( Figure 1B ) and, unless was fitted to a Hill equation with coefficient of 3.5 and perturbed, generally moved in either straight or gently a K d of 200 nM [Ca 2ϩ ]i. These results indicate a highly curving paths (see Figure 3) Figure  3A . Cell trails have been rotated and aligned to cross the horizontal axis at the moment of TG addition. The averaged [Ca 2ϩ ] i signals from all cells associated with each type of response are plotted in Figure 3B . T cell motility responded in distinct ways to [Ca 2ϩ ] i signals of increasing magnitude. Small brief [Ca 2ϩ ] i transients peaking around 400 nM and lasting ‫1ف‬ min caused only a pause in motility, as seen by the clustering of points in the "no turn" group shortly after TG addition. A mediumsized [Ca 2ϩ ]i pulse to ‫006ف‬ nM lasting ‫3-2ف‬ min caused ‫%07ف‬ of the cells to change direction. The initial peak of this [Ca 2ϩ ]i pulse was of sufficient magnitude and duration to cause a transient retraction of the leading edge (see also Figure 2) , but the sustained level of about 300 nM permitted the formation of a new leading edge corresponding to a new direction of travel. A larger [Ca 2ϩ ] i increase to 800 nM, which relaxed to a plateau at about 500 nM, immobilized the cells.
Shape and Motility of Human T Cells
Resting human T cells were generally round and immobile at 37ЊC (data not shown). However, phytohemagglutinin-stimulated human T cells (lymphoblasts) showed dynamic shape patterns that were identical to 1E5 cells. On average, TG-stimulated [Ca 2ϩ ]i elevation decreased the average shape index of activated human T cells from 2.1 to 1.1 (n ϭ 16 cells; ]i data were fitted a Hill ing >20 min and consisting of three distinct stages,
, where vmax is the maximum which we termed contact, recognition, and stabilization Recognition lasted from 1-3 min and was the most The third phase (stabilization) occurred after [Ca 2ϩ ]i had relaxed from peak levels and was characterized dynamic stage of the interaction. This phase consisted of two nearly simultaneous events that indicate specific morphologically by a partial retraction of the engulfing T cell recognition of the B cell. First, the T cell accelerated toward, increased contact with, and engulfed a portion of the B cell. Engulfing often involved about half of the surface of a B cell ( Figure 4Af ) and generated enough force to move the B cell. The second event was a T cell [Ca 2ϩ ] i transient, which usually began 7-15 s after the T cell began expanding its contact with the B cell, and peaked at ‫1ف‬ M around the time of maximum T cell from the B cell and subsequent rounding of the T cell (Figure 4Ag ). This phase lasted about 5-10 min. Although the T cell decreased its contact surface with the B cell during the retraction, the pair was stable as long as [Ca 2ϩ ] i remained above baseline. In addition, T cells remained monogamous and did not seek to engage late-arriving B cells while [Ca 2ϩ ] i was elevated. B cells, in contrast, were promiscuous, often becoming simultaneously or sequentially engaged by several T cells.
The first three phases occurred regularly and represent a uniform pattern during the first 10-15 min of T cell contact with the APC. Following this rigid program, T cell behavior became heterogeneous as the waning [Ca 2ϩ ] signals corresponded to new probing by the T cell and weaker cell-cell associations. During the variable phase, cells either maintained a relatively stable rounded shape, with moderately high [Ca 2ϩ ] i (about 30% of cells; see Figure 4A ), or showed a more dynamic contact corresponding with erratic [Ca 2ϩ ] i spikes (55%; see Figure 5 ), or demonstrated no prolonged [Ca 2ϩ ] i signal and disengaged from the B cell (15%; data not shown).
[Ca 2؉ ] i Influences T-B Contact Pattern during Antigen Presentation [Ca 2؉ ]i Oscillations Correlate with Shape Changes during Antigen Presentation
The unstable contact pattern observed during weak [Ca 2ϩ ]i signals ( Figure 5 ) contrasts with the stable interaction that accompanied a prolonged [Ca 2ϩ ] i rise (see Figure 4 ). At first, the T cell in Figure 5 follows the typical pattern of contact, recognition, initial [Ca 2ϩ ] i rise, and rounding. However, as [Ca 2ϩ ] i rapidly decreases from peak toward resting levels, the contact patch destabilizes and the T cell moves around the B cell. More robust periods of [Ca 2ϩ ] i spike activity preceded a transient ]i signal appears necessary for progression from cytoplasmic Ca 2ϩ buffer, BAPTA/AM (10 M). This rerecognition to stabilization phases. Without it, the cell gime allowed cells to retain elongated shapes and crawl either loops through the engulfing/recognition program normally but greatly diminished the [Ca 2ϩ ] i response inor abandons its target and attempts to engage another duced by antigen presentation (Figures 6A and 6B) . ] i tails had only a 17% chance (3 of 17) of progressing past the contact phase. We tested the hypothesis that increase (Figures 7Ab and 7B ). The [Ca 2ϩ ] i responses correlated with morphological changes in the T cell. For T cell responsiveness to B cells was polarized by using a laser-based optical trap to control the point of initial example, T cells would orient toward, increase contact with, and engulf B cells placed at the leading edge. In cell-cell contact while measuring T cell [Ca 2ϩ ] i . As shown in Figure 7 , when the B cell was placed at the T cell tail, contrast, T cells making contact with B cells via the trailing edge showed little morphology change. T cell-B no [Ca 2ϩ ] i response occurred (Figures 7Aa and 7B) , and the B cell detached from the T cell within 2 min. However, cell contact during antigen presentation involves intercellular interactions between a number of molecular pairs (Clark and Ledbetter, 1994) , any of which could contribute to the observed polarity. To investigate whether polarity could be observed via TCR engagement alone, we used beads coated with antibodies to the CD3 subunit of the TCR complex to mimic TCR engagement in the absence of any coreceptors. The results from 29 T cell-B cell pairs and 32 bead-T cell pairs are summarized in Table 2 , which shows similar functional polarity when using either B cells or ␣-CD3-coated beads to stimulate the T cell. T cells that were presented either antigen or beads at the leading edge (contact zone 1) had a higher probability of responding and a shorter latency of response than those contacting with their tail (contact zone 3). The longer latency seen in the tail responders could usually be attributed to the T cell reorienting its leading edge around to contact B cell or bead. Such gymnastics were not very effective, however, since about 50% of B cells or beads placed at the rear of the T cell eventually detached from the T cell. Based on the [Ca 2ϩ ] i signal as a funtional read-out, these data indicate that orientation of the leading edge of the T cell toward the APC is a critical element of successful antigen presentation. Our experiments with ␣-CD3-coated beads demonstrate that signaling initi- Our results from video-imaging and cell-trapping experi- (Sjaastad et al., 1994) , blood vessel fenestrations, and are usually activated in the packed cellular environment of lymph nodes would also contribute to immobilization and allow the cell to "remember" the signal intensity. In a broad con- (Springer, 1994 ] i increases that have a frequency between 0.1-1.5/min and reach are associated with increased motility. For example, levels ‫1ف‬ M (Donnadieu et al., 1992, Negulescu et al., [Ca 2ϩ ] i elevation speeds up neutrophil migration on vari-1994) would cause shape oscillations. This prediction ous substrates (Mandeville et al., 1995) via a calcineurinis supported by our measurements of T cell shape and dependent mechanism (Hendey et al., 1992) . The inhibi- [Ca 2ϩ ]i during antigen presentation. Although freshly isotion of T cell crawling by elevated [Ca 2ϩ ] i that occurred lated human peripheral T cells are spherical and immoon glass did not require calcineurin and may indicate a bile, the transition to irregular changing shapes can be substrate-independent mechanism. It will be important triggered by either adhesion to cellular monolayers to see how T cell shape, motility, and adhesion patterns (Arencibia et al., 1987) , binding to extracellular matrix are affected by various extracellular matrices. ligands (Shimizu and Shaw, 1991) , and stimulation by chemokines (Tan et al., 1995 , del Pozo et al., 1995 or mitogens (Thorpe et al., 1994 , Donnadieu et al., 1994 .
Second Messenger Control of T Cell Shape Is Distinct from Regulation
The crawling polarized T cell hybridoma used here had properties similar to other T cell lines (data not shown) of Gene Expression Four findings indicate that the intracellular mechanisms and phytohemagglutinin-activated human T cells (Table  1) and may be analogous to migrating or partially acticontrolling shape are distinct from those regulating gene expression (Negulescu et al., 1994) . First, both shape vated T cells in vivo. A relation between [Ca 2ϩ ]i and shape was shown by Donnadieu and coworkers (1992) , and motility changes were unaffected by cyclosporin (Table 1) , an inhibitor of the Ca 2ϩ -dependent phosphawho described first a permissive and later a causal (Donnadieu et al., 1994) role for elevated [Ca 2ϩ ]i in T cell tase, calcineurin, which is a key intermediate leading to IL-2 gene expression (Crabtree and Clipstone, 1994 ] i and activation lus (Figure 3) . For example, a cell exhibiting a small of protein kinase C. Finally, the time constant of less T cells engaged with B cells ( Figure 5C ) was similar to that of TG-treated cells ( Figure 2C ] i rise due to release of internal pools (intracellular buffering with BAPTA) and influx across the the initial [Ca 2ϩ ] i peak was not required for activation (Negulescu et al., 1994) . Perhaps the function of the plasma membrane prevented rounding and formation of stable cell pairs. Donnadieu and Trautmann (1994) suggest that the dynamic of cell-cell contact is sensitive antigen presentation (Figure 4) . The first three phases to the pattern of [Ca 2ϩ ]i signals for at least the first 30 of this program are defined here as contact, recognition, min of interaction with the APC. Such responses by T and stabilization during which a T cell engages, engulfs, cells could limit redundant interactions, allow other T and partially retracts from the B cell. Our results define cells access to the same B cell, and restrict T cells to both spatial and temporal criteria for successful recognithe site of antigen presentation. In contrast, a weak tion of B cells by T cells. When initial T cell contact signal would permit conjugate destabilization and limit was made with the leading edge, the latency between cell activation by allowing detachment of the T cell. contact and initiation of [Ca 2ϩ ] i signaling was as little as 25 s. This interval is similar to the lag between the addition of TCR antibodies and the [Ca 2ϩ ]i rise and probably Inherent T Cell Polarity represents a minimum time required to engage recep- Figure 7 and Table 2 document the enhanced sensitivity tors and trigger the biochemical cascade leading to the to antigen at the leading edge of the T cell, a polarity Ca 2ϩ release from internal stores (Crabtree and Clipthat exists prior to contact with the APC. This polarity stone, 1994). Therefore, the short latency indicates that is distinct from activation-induced polarity that clusters under optimal contact conditions a T cell need only TCR, CD4, LFA-1, and talin at the cell-cell contact plane scan the B cell for a few seconds before transducing (Kupfer et al., 1986; Kupfer and Singer, 1989) and results adequate information to produce a [Ca 2ϩ ] i rise. Proper in cytoskeletal reorganization that requires ras-related cell-cell orientation during the first few seconds is critiGTPase activity (Stowers et al., 1995) . Several factors cal since B cells placed at the trailing edge of the T cell could account for inherent polarity of crawling T cells. increased this latency and greatly reduced the chance First, although the TCR and other surface molecules for successful engagement. appear uniformly distributed before activation, there The transient engulfing of the B cell by the T cell was may be functional differences in those receptors due to a defining feature of successful T cell recognition of the localization of transduction elements such as G pro-B cell and began prior to the [Ca 2ϩ ]i rise. Several factors teins, kinases, or phospholipase C at the leading edge. may contribute to this phenomenon in the 1E5/2PK3 Indeed, protein kinase C appears enriched at the leading system, including the similar size of the two cell types, edge of 1E5 cells (unpublished data). The distribution the roundness of the B cells, and the presence of approof cell-cell adhesion molecules may also be polarized priate complementary receptors and adhesion molesince B cells did not stick well to T cell tails, consistent cules on the B cell (Clark and Ledbetter, 1994 ; Lecomte with accumulation of anti-adhesive proteins (e.g., CD43) et al., 1994). However, engulfing was also observed with at the tail (Sanchez-Mateos et al., 1995) . A "sticky" lead-␣-CD3-coated beads, implying that TCR-mediated coning edge could help stabilize low affinity interactions tact is sufficient to drive early T cell engulfing of the between the TCR and MHC-peptide complex. Third, the APC. Finally, in our T cell-B cell system, stable conjumotile leading edge may be more effective at engaging gates were characterized by relatively round cell pairs.
or aggregating enough receptors to generate an adeHuman T cell spreading following antigen presentation quate signal. It is likely that the systems controlling by L cells was reported by Donnadieu and coworkers crawling also maintain the zone of high sensitivity to (1994). Although we could mimic this spreading pattern antigen presentation at the leading edge. It will be of with TG and phorbol myristate acetate treatment (data interest to investigate how specific molecular elements not shown), 1E5/2PK3 cells did not generate appropriate responsible for crawling are colocalized with the TCR signal combinations to produce the spreading phenoor other signal transduction machinery. type late in antigen presentation. Cell Culture tracing an outline of the T cell using NIH Image. When cells became round, the perimeter of the contact surface with glass decreased, The murine HEL-restricted CD4 ϩ T cell (1E5) (Adorini et al., 1988 ) and MHC class II-restricted B cell (2PK3) hybridomas (a gift from consistent with the cell becoming spherical. A variation of the circularity-based shape index described by Donnadieu and coworkers A. Sette, Cytel) were grown in RPMI 1640 containing 10% fetal bovine serum (RPMI/FBS) 10 mM HEPES and 1% NEAA, glutamine, (1992) was determined by approximating the traced shape as an ellipse using NIH image and ratioing the long and short axes; the and Na ϩ pyruvate. Cells were maintained in a humidified incubator at 37ЊC with 5% CO 2, 95% air. 1E5 cells were moderately adherent index of a circle is 1. The motility of 1E5 cells was analyzed by tracking the movement to plastic flasks at 37ЊC and were resuspended for collection by gentle shaking at room temperature. Antigen-presenting 2PK3 cells of the center of fura-2 fluorescence. The center was determined by averaging the position of all x and y pixel coordinates above a were incubated with 10 g/ml HEL for between 3-12 hr. This protocol produced a maximal response from 1E5 T cells as judged by a defined fluorescence intensity threshold. The trajectory of cell movement was plotted as consecutive x, y positions over time. Velocity contact-dependent [Ca 2ϩ ]i response in about 70% of cells. Peripheral human T cells from healthy donors were isolated on nylon wool was obtained by triangulating the movement of this coordinate to yield distance and dividing by the time between measurements. columns as previously described (Hess et al., 1993) and activated by incubating with phytohemaglutinin (10 g/ml) for 36 hr.
To reduce variability, velocity measurements represent movement averaged over three measurements ‫02ف(‬ s). To avoid artifacts due to cell collisions, only cells that never touched other cells were used Video Imaging for velocity measurements. To estimate the time that cells were 1E5 T cells were cultured on autoclaved #0 coverglass (Red Label, immobilized following [Ca 2ϩ ]i elevation, we measured the time reThomas Scientific, Swedesboro, New Jersey) for 4-12 hr before quired for the cell to move 1.5 cell diameters away from its location being loaded for 1 hr at 25ЊC with 3 M fura-PE3/AM (TEFLabs, in high [Ca 2ϩ ] i . Human T lymphoblasts did not adhere readily to Austin, Texas), a derivative of fura-2/AM (Grynkiewicz et al., 1985) glass and were not included in measurements of motility. which is resistant to intracellular compartmentation and export (Vorndran et al., 1995) . For experiments in which [Ca 2ϩ ]i was buffered, fura-loaded cells were subsequently loaded with 10 M Optical Trapping Antigen-presenting B (2PK3) cells or beads coated with ␣-CD3 BAPTA/AM for 15 min at 25ЊC. In most T-B contact experiments, unloaded 2PK3 B cells were settled onto coverglass coated with monoclonal antibody were micromanipulated into contact at various points on a T cell using a tunable near infra-red titanium-sapphire fura-loaded T cells. In experiments where both B cell [Ca 2ϩ ]i was measured, fura-2-loaded B cells were settled onto unloaded T cells.
laser (Coherent) producing a trapping beam at about 760 nm (Berns et al., 1992) . The laser was directed through the TV port of a modified Activated human T cells were loaded with fura-PE3 and settled onto poly-L-lysine (1 mg/ml) coated coverglass, since they adhered Axiovert 135 microscope, past a custom short-pass (720 nm) dichoic reflector and a ϫ63 Neofluor objective and produced about 60 mW poorly to untreated glass.
Experiments were performed on a Zeiss Axiovert 35 microscope trapping power at the focal plane. The microscope was also equipped with a Zeiss Laser Scanning Confocal (LSM 410) with an equipped with a heated stage maintained at 35ЊC and a customdesigned beam-splitter. The beam-splitter contained a 595 nm diargon laser set at 488 nm. This arrangement allowed both trapping and [Ca 2ϩ ] i measurements on the same cells. To measure T cell chroic reflector, which directed red transmitted light from a differential interference contrast (DIC) image to a CCD camera (Sony [Ca 2ϩ ] i on the LSM 410, 1E5 cells were coloaded with a combination of fura-red/AM (5 M) and fluo-3/AM (2 M), two long-wavelength SSC-M374) and green fluorescence emission from fura-PE3 to a low light-level SIT camera (Hamamatsu C2400). Wide-bandpass Ca 2ϩ indicators that respond to the 488 nm excitation line of the argon laser. Cells loaded for 1 hr at 25ЊC produced a red to green emission filters eliminated any crossover between the DIC and fluorescence images. Placement of the DIC analyzer between the splitter emission shift when [Ca 2ϩ ]i was elevated (Diliberto et al., 1994) . This shift was quantitated by scanning cells with the argon laser and and the DIC camera, in a manner analogous to that described by Foskett (1988) , minimized attenuation of the fluorescent signal and dividing the fluorescence intensity signals from two photomultipliers with emission bands of 535-585 nm (green) and >610 nm (red). In allowed near simultaneous detection of cell morphology and [Ca 2ϩ ]i with 7 s time resolution. Images were digitized, averaged (16 frames), these experiments a single 2PK3 cell was held in the trap on a heated stage and positioned so that it made contact with a particular corrected for background, stored, and analyzed by an image processor (Videoprobe, ETM Systems, Irvine, California). Experiments were region of a dye-loaded T cell. Once the cells were positioned, the trapping beam was cut off and 488 nm laser excitation scans were conducted with either ϫ63 or ϫ100 plan Neofluor objectives. [Ca 2ϩ ]i was determined from the ratio of fluorescence emission intensities performed to monitor [Ca 2ϩ ]i. A third photomultiplier collected a Ca 2ϩ -insensitive blue emission band (400-480 nm) from incandesat 450-570 nm when exciting the dye at 360 and 380 nm. Calibration of [Ca 2ϩ ]i was obtained by measuring 360 of 380 ratios at zero and cent illumination, which was used to produce a brightfield image. Therefore, the final red-green-blue image contained fura-red intensaturating Ca 2ϩ in situ, assuming a K d of 300 nM, and applying the equation of Grynkiewicz et al. (1985) . Fura-PE3 appeared to behave sity in the red channel, fluo-3 intensity in the green channel, and a grey scale brightfield image in the blue channel. We made 30-40 ideally in T cells, yielding 360 of 380 ratios at zero and saturating Ca 2ϩ of 0.7 and 7.0, respectively. Pixel ratios (512 ϫ 512) were scans at 10 s intervals to determine whether a [Ca 2ϩ ]i increase occurred in the T cell following contact with the APC. T cells not displayed as 8-bit pseudocolor images. The DIC/pseudocolor overlays were constructed offline by aligning the 8-bit DIC and pseuresponding within 400 s were scored as unresponsive. Because the B cell was between one-third to one-half the size of the T cell, the docolor images and combining them into a 24-bit look-up table. These experiments have been encoded in compressed video spatial resolution of mapping was about a third of the length of the T cell ‫5ف(‬ m). For trapping experiments with beads, we used 6 m (MPEG) format and are available on a World Wide Web homepage by accessing our server (http://www.cell.com/Immunity). The hodiameter polystyrene microspheres stabilized with sulfate charges (IDC, Portland, Oregon). Goat ␣-rat immunoglobulin G (100 g/ml) mepage also provides links to MPEG viewers for either PC or Macintosh.
(Zymed Laboratories, South San Francisco, California) in 10% PBS was adsorbed to beads (0.5% solids) for 8 hr at room temperature, centrifuged, and washed twice with 10% PBS and then conjugated Quantitation of Cell Shape and Motility with 50 g/ml rat ␣-mouse CD3⑀ for 3 hr. Beads were centrifuged and To analyze cell shape, cell borders from DIC images of 1E5 cells washed twice before use. Beads were active (i.e., able to stimulate T and human T lymphoblasts were traced manually on a Macintosh cells) for up to 8 weeks when stored at 4ЊC. 8100 computer using NIH Image (written by W. Rasband at the National Institutes of Health and available from the internet by anonymous ftp from zippy.nimh.nih.gov). The trace included all structures Acknowledgments greater than ‫1ف‬ m in diameter. The DIC image has a short depth of field and represents a thin section taken near the plane of contact Correspondence should be addressed to M. D. C. This work was supported by National Institutes of Health grants GM41514 and with glass. Cell shape in this plane was evaluated on the basis of either perimeter or circularity. Perimeter was obtained by manually NS14609 (M. D. C.), and by a Schrodinger Stipendium (H. H. K.).
